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Outcome of Treatment of Human Hela Cervical Cancer
Cells With Roscovitine Strongly Depends on the Dosage
and Cell Cycle Status Prior to the Treatment
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ABSTRACT

Exposure of asynchronously growing human HeLa cervical carcinoma cells to roscovitine (ROSC), a selective cyclin-dependent kinases (CDKs)
inhibitor, arrests their progression at the transition between G,/M and/or induces apoptosis. The outcome depends on the ROSC concentration.
At higher dose ROSC represses HPV-encoded E7 oncoprotein and initiates caspase-dependent apoptosis. Inhibition of the site-specific
phosphorylation of survivin and Bad, occurring at high-dose ROSC treatment, precedes the onset of apoptosis and seems to be a prerequisite
for cell death. Considering the fact that in HeLa cells the G,/S restriction checkpoint is abolished by E7, we addressed the question whether
the inhibition of CDKs by pharmacological inhibitors in synchronized cells would be able to block the cell-cycle in G, phase. For this purpose,
we attempted to synchronize cells by serum withdrawal or by blocking of the mitotic apparatus using nocodazole. Unlike human MCF-7
cells, HeLa cells do not undergo G; block after serum starvation, but respond with a slight increase of the ratio of G, population. Exposure
of G,-enriched HeLa cells to ROSC after re-feeding does not block their cell-cycle progression at G;-phase, but increases the ratio of S- and
G,-phase, thereby mimicking the effect on asynchronously growing cells. A quite different impact is observed after treatment of HeLa cells
released from mitotic block. ROSC prevents their cell cycle progression and cells transiently accumulate in G;-phase. These results show that
inhibition of CDKs by ROSC in cells lacking the G, /S restriction checkpoint has different outcomes depending on the cell-cycle status prior to
the onset of treatment. J. Cell. Biochem. 106: 937-955, 2009. © 2009 Wiley-Liss, Inc.
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segment catalyzed by CDK-activating kinase (CAK), by inhibitory
phosphorylation within the ATP-binding site induced by Wee/Myt
kinases, and finally by their interactions with small protein

A Itered expression of cell cycle regulatory genes contributes
to uncontrolled proliferation of malignant cells. Cyclin-

dependent kinases (CDKs), the key enzymes governing progression

through the cell cycle, are subject of frequent deregulation through
genetic or epigenetic mechanisms providing the cells selective
growth advantage [Malumbres and Barbacid, 2005, 2007]. These
enzymes are composed of a catalytic kinase subunit and a regulatory
cyclin subunit that is essential for activation of CDKs. Cyclins
themselves are expressed only during particular cell cycle periods,
allowing activation of individual CDKs at the right time. Besides,
CDKs are regulated by stimulating phosphorylation of the activation

inhibitors (Cip/Kip or INK4) [Malumbres and Barbacid, 2005;
Besson et al., 2008]. All these proteins cooperate in a balanced
network in normal cells, whereas abnormal CDK regulation is a
hallmark of cancer cells. CDKs are mutated in cancers only seldom,
with the rare exception of a point mutation in CDK4, resulting in the
loss of INK4 binding, or more often by gene amplifications and
overexpression of both CDK4 and CDK6 [Malumbres and Barbacid,
2005]. However, a significant number of cancers bear changes in
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genes encoding CDK regulatory partners, including cyclins E and D,
Cip/Kip and INK4 inhibitors, and their substrates (mainly
retinoblastoma protein, pRb) [Malumbres and Barbacid, 2007;
Besson et al., 2008]. This permits escape from senescence during
malignant transformation and allows cancer cells to proliferate with
increased CDK activity and accumulate further mutations.

On the basis of deregulated activity of CDKs detected in cancers,
inhibitors targeting specifically these kinases have been developed
as anticancer therapeutics. A growing number of small molecule
inhibitors are now in preclinical testing or even in clinical trials
[Fischer and Lane, 2000; Dai and Grant, 2003; Malumbres et al.,
2008]. The most success so far has been obtained with ATP-
mimicking competitive inhibitors of CDK. They are usually classified
according to their specificities as pan-specific (do not discriminate
among different CDKs) and oligo-specific (preferentially inhibit
only some CDKs). PD-0332991, which has been developed to
preferentially target CDK4/6, is a typical example of the latter
group [Fry et al.,, 2004]. However, the majority of developed
drugs, including flavopiridol, roscovitine (ROSC), or SNS-032, hit
simultaneously multiple CDKs. These oligo-specific compounds
potently arrest the cell cycle in transformed cells, due to inhibition
of cell cycle regulating CDK1, CDK2, and/or CDK4, and induce
apoptosis as well, apparently as a result of transcriptional pertur-
bations caused by CDK7 and CDK9 inactivation [Shapiro, 2006].

Interestingly, several pharmacological CDK inhibitors also
potently block transcription and replication of some viruses, such
as HIV, HCMV, VZV, HSVs, and EBYV, that rely on the activity of
endogenous CDKs in host animal cells [Schang et al., 2005]. Some
viruses can inactivate pRb through direct binding of viral proteins
and the consequent abrogating of the G, restriction point, the others
are able to constitutively activate cellular CDKs by virally encoded
cyclin proteins [Helt and Galloway, 2003], or even encode
kinases able to substitute CDKs in their ability to phosphorylate
pRb [Hume et al., 2008]. It is assumed that the antiviral activity of
CDK inhibitors is based on interference with viral transcription.
Importantly, as some human cancers are induced by oncogenic
viruses, like Kaposi’s sarcoma or HPV-induced cervical carcinoma,
therapy based on CDK inhibitors would not only stop the prolife-
ration of transformed cells, but also advantageously limit the life-
cycle of the transforming viruses, both dependent on cellular CDKs.

Human papilloma viruses (HPV) are small double-stranded DNA
viruses infecting squamous epithelia, inducing proliferative lesions
within infected tissues that are prerequisite for the development of
cancer. The high risk HPV-encoded proteins E6 and E7, substantially
contributing to transforming capability, play a major role in the
deregulation of the cell cycle control. Protein E6 binds p53 and
directs it to ubiquitin-mediated degradation, further promoting
genetic instability in infected cells [Scheffner et al., 1990]. E7 not
only induces aberrant S-phase entry through the inactivation of
pRb tumor suppressor and related pocket-proteins, but also
increases expression of E2F-responsive cell cycle regulators such
as the cdc25a tyrosine phosphatase that further contribute to G,/S
deregulation [Nguyen et al., 2002]. Moreover, E7 prevents p21*a
both from inhibiting activity of CDK2/cyclin E and DNA replication
and thus disrupts normal cell cycle control by increased CDK2
activity and enhanced expression of E2F-responsive genes [Funk

et al., 1997]. As shown in mouse models, inactivation of pRb by E7
is not sufficient to overcome G, restriction point; also other E2F
regulators are important targets of E7 that play critical roles in
cervical carcinogenesis [Balsitis et al., 2006]. For example, recent
experiments demonstrated that E7 can associate with and inactivate
the transcriptional repression activity of E2F-6, thereby extending
S-phase competence of HPV infected cells [McLaughlin-Drubin
et al., 2008]. Down-regulation of both viral oncoproteins increases
the efficacy of the therapy [Wesierska-Gadek et al., 2002].

In the light of the facts mentioned above, the question appeared
whether the inhibition of cellular CDKs by pharmacological
inhibitors would be able to reduce the proliferation rate of cancer
cells infected with high risk HPV and to restore the proper cell cycle
control as well as to optionally trigger them to undergo apoptosis.
For this purpose we decided to apply ROSC, a relatively selective
CDK inhibitor targeting not only kinases regulating cell cycle
progression but also CDK7, the dual acting kinase that is also
implicated in the regulation of transcription [Fisher, 2005].
Considering the fact that cellular RNA polymerase II is required
for transcription of HPV-encoded proteins and that CDK7
complexed with cyclin H is a constituent of the basal transcription
factor TFIIF, which phosphorylates the serine residues within the
heptapeptide repeat of the carboxy terminal domain (CTD) of RNA
polymerase II, one might expect that ROSC would not only affect
the functionality of the intrinsic cellular cell cycle regulators but
would also prevent transcription of genes encoded by the infecting
pathogen. We chose human HeLa cervical carcinoma cells, the most
frequently investigated cell line derived from HPV-positive cervical
carcinoma, as an experimental model. The action of ROSC was
previously studied in detail in asynchronously growing [Wojcie-
chowski et al., 2003; Wesierska-Gadek et al., 2005a, 2006, 2007c]
and partially synchronized human MCF-7 breast cancer cells
[[David-Pfeuty, 1999] as well as in normal healthy cells [Alessi et al.,
1998; Wesierska-Gadek et al., 2007a]. The susceptibility of
asynchronously growing MCF-7 cells and cells released from a
partial mitotic block substantially differed. Exposure of MCF-7 cells
released from a partial mitotic block to ROSC slowed their G, to S
progression [David-Pfeuty, 1999]. In contrast, ROSC arrested
asynchronously growing MCF-7 cells in the G, phase of the cell
cycle, and after longer exposure induced caspase-3 independent
apoptosis. ROSC-induced cell death was mediated by wt p53.
ROSC strongly enhanced the cellular expression of p53 protein
and markedly extended its half-life [Wojciechowski et al., 2003;
Wesierska-Gadek et al., 2005a]. Interestingly, ROSC-induced
phosphorylation of p53 protein at serine 46 resulted in an up-
regulation of p53AIP1 protein, its specific downstream target that
after de novo synthesis and translocation into the mitochondria
[Wesierska-Gadek et al., 2005a] initiated apoptosis in MCF-7 cells
which lack caspase-3. Unlike in asynchronously growing MCF-7
cells, in those released from a partial mitotic block, ROSC slowed the
transition of cells from G, to S phases [David-Pfeuty, 1999].
Surprisingly, reconstitution of MCF-7 cells with human caspase-3
did not sensitize them to the action of ROSC [Wesierska-Gadek
et al., 2005a]. ROSC failed to induce P-Ser46 p53 protein and its
downstream target in asynchronously growing, caspase-3 proficient
MCE-7 cells [Wesierska-Gadek et al., 2005a], thereby indicating that
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the outcomes of the inhibition of cellular CDKs strongly depends on
cell types, their intrinsic features and cell cycle status prior to the
onset of therapy. This observation was additionally substantiated by
the fact that phenol red, a weakly estrogenic component of culture
medium, affects the susceptibility of exponentially growing MCF-7
cells, that are known to express ER-a, to the action of ROSC
[Wesierska-Gadek et al., 2006].

In the light of the above discussed cognitions it is incontrovertible
that the outcomes of action of CDK inhibitors cannot be exactly
predicted in different tumor cell lines, especially in those differing in
the status of cell cycle and apoptosis regulators.

In this work we studied the effect of the CDK inhibitor ROSC
on normal MRC-5 human fibroblasts and two human cervical
carcinoma cell lines (HTB-31 and HeLa cells). HeLa cells are positive
for HPV-18, while in HTB-31 no viral infection was detected.
Both cancer cell lines differ in the p53 status. We determined the
anti-proliferative and pro-apoptotic effect of ROSC on exponen-
tially growing cells. Inhibition of CDKs most strongly affects the
proliferation of HeLa cells. The marked reduction of the number of
viable cells upon exposure of HeLa cells to ROSC is attributable to
induction of cell cycle block at G,/M and/or apoptosis. The outcome
depends on the ROSC concentration. At higher dose ROSC eliminates
HeLa cells by apoptosis. Moreover, ROSC represses the HPV-encoded
oncoproteins. Unlike HeLa, HTB-31 cancer cells are markedly less
susceptible to the tested CDK inhibitors. The ROSC-induced accu-
mulation of the S- and G,/M-phase population is not accompanied
by apoptosis.

We also addressed the question whether the inhibition of CDKs
in synchronized cells would be able to block the cell cycle in
G, phase. For this purpose, we attempted to synchronize cells by
serum withdrawal or by blocking the mitotic apparatus using
nocodazole. Our results show that inhibition of CDKs in cells lacking
the G,/S checkpoint has different outcomes depending on the cell
cycle status prior to the onset of treatment; ROSC does not inhibit
HeLa cells in G,-phase, but is solely able to maintain the early
G,-phase cell cycle arrest of cells released from the nocodazole-
induced mitotic block. The results clearly show that ROSC effectively
restricts growth of HelLa cells and the outcome is dose-dependent.
It became evident that a higher ROSC concentration is necessary
to promote apoptosis through abrogation of the activity of its
inhibitors.

CELLS

The human cervical carcinoma cell lines HeLaS;, HTB-31 (C-33A),
and normal MRC-5 human fibroblasts obtained from American
Type Culture Collection (ATCC), were cultured in RPMI medium
supplemented with 10% foetal calf serum (FCS). Cells were grown up
to 60-70% confluence and then treated with indicated drugs.

DRUGS

Roscovitine (ROSC) was prepared according to the published
procedure [Havlicek et al., 1997] and prepared as 50 mM stock
solution in DMSO. Aliquots of the stock solution were stored until
use at —20°C. Nocodazole (NOC) from Sigma-Aldrich, Inc. (St. Louis,

MO) at a final concentration of 0.05 wg/ml was used to induce
mitotic block.

ANTIBODIES

The following specific antibodies were used to detect the relevant
proteins: monoclonal anti-p53 antibody DO-1 (a kind gift from
Dr. B. Vojtesek, Masaryk Memorial Cancer Institute, Czech Republic),
the polyclonal anti-phospho-Thr161 CDK1, anti-phospho-Thr14/
Tyr15 CDKI1, anti-phospho-Thr160 CDK2, anti-phospho-Ser216
CDC25C, anti-phospho-Ser780 pRb, anti-phospho-Ser807/81 pRb,
anti-phospho-Ser139-H2A.X, anti-phospho-Ser112 Bad, and cor-
responding antibodies against the total antigen (all from New
England Biolabs, Beverly, MA), polyclonal anti-phospho-Ser164/
Thr170 CDK7 and anti-phospho-Ser199 NPM (BioLegend, San
Diego, CA), anti-caspase-3 (DAKO AS, Glostrup, Denmark),
monoclonal anti-CDK2 (Ab-4) antibodies (Lab Vision Co., Fremont,
CA), polyclonal-anti-phospho-Thr34 survivin, monoclonal anti-
PCNA (clone PC-10), anti-pRb (IF-8), anti-cyclin A, anti-NPM (all
from Santa Cruz Biotechnology, CA), anti-CDK7 (clone MO-1.1,
Sigma-Aldrich, Inc.), anti-actin (clone C4, ICN Biochemicals,
Aurora, OH), anti-E7 oncoprotein were from Abcam Ltd (Cambridge,
England). Appropriate secondary antibodies linked to horseradish
peroxidase (HRP) were from R&D Systems (Minneapolis, MN).

DETERMINATION OF THE NUMBER OF VIABLE CELLS

Proliferation of human cervical carcinoma cell lines HeLaS;,
HTB-31 (C-33A), and normal MRC-5 human fibroblasts and their
sensitivity to increasing concentrations of ROSC was determined by
the CellTiter-GloTM Luminescent Cell Viability Assay (Promega
Corporation, Madison, WI). As described recently in more detail
[Wesierska-Gadek et al., 2005b], the CellTiter-Glo™ Luminescent
Cell Viability Assay, generating luminescent signal, is based on
quantification of the cellular ATP levels. Tests were performed at
least in quadruplicates. Luminescence was measured in the Wallac
1420 Victor, a microplate luminescence reader. Each point
represents the mean +SD (bars) of replicates from at least three
experiments.

DETERMINATION OF CASPASE-3/7 ACTIVITY

The activity of both caspases was determined using the APO-ONE
Homogenous Caspase-3/7 Assay (Promega Corporation) which uses
the caspase-3/7 substrate rhodamine 110, bis-(N-CBZ-L-aspartyl-L-
glutamyl-L-valyl-L-aspartic acid amide) (Z-DEVD-R100) as described
previously [Wesierska-Gadek et al., 2005b]. Briefly, HeLaS; cells
were plated in 96-well microtiter plates. One day after plating the
cells were exposed for 24 h to increasing drug concentrations.
Thereafter, the culture supernatant was transferred into another
microtiter plate to separately determine the caspase activity in cells
and in culture medium. Then an equal volume of caspase substrate
was added and samples were incubated at 37°C for different
periods of time to assess the best signal-to-background ratio.
The fluorescence was measured at 485 nm. Luminescence and
fluorescence were measured in the Wallac 1420 Victor, a microplate
luminescence reader. Each point represents the mean + SD (bars) of
replicates from at least three experiments.
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MEASUREMENT OF THE DNA CONTENT OF SINGLE CELLS

BY FLOW CYTOMETRY

Measurement of the DNA-content was performed by flow cyto-
metric analysis based on a slightly modified method [Wesierska-
Gadek and Schmid, 2000] described previously by Vindelov et al.
[1983]. The cells were detached from substratum by limited
trypsinization, then all cells were harvested by centrifugation and
washed in PBS. Aliquots of 10° cells were used for further analysis.
Cells were stained with propidium iodide as described previously
and then the fluorescence was measured using the Becton Dickinson
FACScan after at least 2 h incubation at 4°C in the dark.

IMMUNOBLOTTING

Total cellular proteins dissolved in SDS sample buffer were
separated on SDS slab gels, transferred electrophoretically onto
PVDF membrane (PVDF) (Amersham Biosciences), and immuno-
blotted as previously described [Wojciechowski et al., 2003]. Equal
protein loading was confirmed by Ponceau S staining. To determine
the phosphorylation status of selected proteins, antibodies recog-
nizing site-specifically phosphorylated proteins were diluted to a
final concentration of 1:1,000 in 1% BSA in Tris-saline-Tween-20
buffer. In some cases, blots were used for sequential incubations.

STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism software
and significance levels were evaluated using Bonferroni’s Multiple
Comparison Test.

ROSC MORE STRONGLY INHIBITS THE PROLIFERATION OF HUMAN
HelLa CERVICAL CANCER CELLS THAN THAT OF HTB-31 CELLS

To determine the effect of ROSC on the proliferation of expo-
nentially growing human HeLa cells, the cells were continuously
exposed to the drug for 12, 18, or 24 h, respectively. Then the cell
number was determined using CellTiter-Glo viability assay
immediately upon termination of the treatment, or alternatively
the medium was changed, and then cells were post-incubated in a
drug-free medium for a further 2 days and thereafter the assay was
performed (Fig. 1A). According to the statistical analysis, 40 pM
ROSC very significantly reduced the number of living cells already
after 12 h treatment. The effect was even stronger after longer
incubation periods (18 and 24 h) and persisted upon medium
change. Reduction of living cells following treatment with lower
doses of ROSC (i.e., 10 and 20 pM) was not statistically significant
over the 24 h period. However, when cells incubated with 20 pM
ROSC for 24 h were transferred to the drug-free medium, the number
of living cells was significantly reduced after the further 48 h
cultivation.

In contrast, human HTB-31 cancer cells are less susceptible to the
action of CDK inhibitors. Approximately a fourfold higher dose of
ROSC is required to reduce the number of viable cells by 50% within
24 h (Fig. 1B).
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Fig. 1. Reduction of the number of viable human Hela and HTB-31 cervical
cancer cells after treatment with ROSC. A: Exponentially growing Hela cells
plated in 96-well microtiter plates were treated for 12, 18, and 24 h,
respectively, with indicated concentrations of ROSC. The number of viable
cells was determined directly after the treatment, or eventually after medium
change (MC) and post-incubation for 48 h in a drug-free medium. The graph
represents mean values from three independent experiments, each performed
at least in quadruplicates. B: Exponentially growing HTB-31 cells plated in 96-
well microtiter plates were treated for 24 and 48 h with ROSC. The differences
between the number of control and treated cells are statistically highly
significant (*; 0.001 < P<0.01) or very highly significant (**P<0.001)
according to the Bonferroni's comparison.

As expected, normal human fibroblasts (MRC-5) were only
negligibly affected by the selective CDK inhibitor. The ICs, values
are shown in Table I.

ROSC INHIBITS THE CELL CYCLE OF ASYNCHRONOUSLY GROWING
HelLa CELLS AT THE G,/M TRANSITION

The next experimental series were performed to find out how ROSC
modulates the cell cycle progression and whether it is also able to
induce apoptosis in HeLa cells. The DNA concentration in single cells
was measured by flow cytometry. The population of hypoploid cells
representing cells undergoing apoptotic changes was classified as a
sub-G, population. HeLa cells were exposed to two concentrations
of ROSC. As shown in Figure 2, ROSC at a final concentration of 20 uM
increased the frequency of G,/M population and concomitantly

TABLE I. Treatment With ROSC for 24 h

Cell line ICso (M)
HeLa 28.1
HTB-31 91.5
MRC-5 Not achieved
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diminished that of G;-phase, with transient accumulation of S-phase
after 18 h treatment. Two times higher concentration of ROSC
increased the frequency of G,/M population even more strongly at the
same time point, but simultaneously, the population of hypoploid cells
(30%) appeared after incubation for 18 and 24 h.

Concurrently, whole cell lysates obtained from HeLa cells treated
with ROSC were analyzed by immunoblotting to monitor changes in

main cell cycle protein regulators (Fig. 3A,B). According to the
predictions, phosphorylation of CDK2 at Thr160 was diminished in
ROSC-treated cells indicating decreased activity of this kinase
already after 12 h. The kinase responsible for activation of CDK2
by phosphorylating its Thr160 is CDK7, whose reduced phosphory-
lation at Ser164/Thr170 suggests one possible mechanism by
which ROSC leads to inactivation of CDKs in cells. As expected,
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FLZ-A

Effect of ROSC on the cell cycle progression of asynchronously growing HeLa cells. Exponentially growing HeLa cells were treated with either 20 or 40 WM ROSC for the

indicated periods of time. Control and drug-treated cells were harvested by trypsinization and single cell suspension was used for propidium iodide staining. DNA content in

single cells was measured using the Becton Dickinson FACScan flow cytometer. DNA histograms depicting a representative experiment performed in duplicate were prepared

using the CellQuest evaluation program (A) and diagrams showing the changed distribution of cells in distinct cell cycle phases and the frequency of sub-G, cell population were

constructed (B). The distribution was determined using ModFIT cell cycle analysis software. The values represent a mean of two replicates.
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ROSC prevented phosphorylation of pRb at Ser780 and Ser807/811,
which correlates with decreased proliferation and observed
reduction of G,-phase in treated cells. However, pRb is phosphory-
lated by several CDKs, and one cannot discriminate which kinase
is responsible for this effect. Therefore, we also analyzed phos-
phorylation of another CDK2-specific substrate—nucleophosmin
(NPM) (Fig. 3B). A reduced signal from its phosphorylation at
Thr199 is another evidence for inactivated CDK2. Surprisingly,
after exposure of cells to 40 wM ROSC for 24 h the site-specific
phosphorylation of NPM increased. It remains to prove
whether this event might be linked in any way to the ongoing
apoptosis.

REPRESSION OF THE CELLULAR LEVELS OF HPV-ENCODED
ONCOPROTEINS UPON ROSC TREATMENT

One might expect that inactivation of CDK7 and of cellular RNA
polymerase II would shut down the expression of HPV-encoded
proteins. Indeed, ROSC at high dosage reduced the levels of E6 (not
shown) and E7 oncoproteins (Fig. 3C). The decrease of E7 protein
was observed after treatment with ROSC for 18 h.

HIGHER DOSES OF ROSC INDUCE CASPASE-DEPENDENT
APOPTOSIS IN Hela CELLS

The exposure of HeLa cells to 40 uM ROSC for 24 h resulted in a
marked reduction of the number of viable cells. This effect seems to
be attributable not only to the cell cycle arrest but additionally to the
increased accumulation of a sub-G, cell population as detected by
flow cytometry (Fig. 2), which is an indication of apoptosis. To
substantiate this assumption, activity of caspase-3/7 in control and
ROSC-treated cells was determined. The activity of cellular caspase-
3/7 increased fourfold in HeLa cells treated with 40 wM ROSC after
12 h or even more than eightfold after 24 h (Fig. 4A). Importantly, 20
M ROSC did not enhance activity of caspase-3/7 in HeLa cells even
after 24 h. However, the long term effect of ROSC became evident

after medium change and post-incubation of ROSC-treated cells in a
drug-free medium for a further 48 h. Activated effector caspases
were released into the culture medium. An approximately
hundredfold increase of caspase-3/7 activity in culture medium
was detected with both doses of ROSC (Fig. 4B).

ROSC-MEDIATED ABROGATION OF PHOSPHORYLATION OF
SURVIVIN AND OF BAD PRECEDES THE ONSET OF APOPTOSIS

To identify the mechanism by which inhibition of CDKs may
contribute to the initiation of apoptosis, we examined the
phosphorylation status of some factors regulating apoptosis.
Interestingly, ROSC at the higher dose abolished site-specific
phosphorylation of two proteins involved in the regulation of
apoptosis: namely of survivin and of Bad (Fig. 5). The decrease of
survivin phosphorylation starting after 18 h of exposure to 40 pM
but not to 20 M ROSC became even more evident after further 6 h.
Beginning at 12 h treatment ROSC also clearly reduced and
thereafter abolished phosphorylation of Bad at Ser112 rendering it
disposed to heterodimerize with Bcl-2 proteins. ROSC-mediated
decrease of site-specific phosphorylation of Bad did not affect its
total level. Interestingly, this was accompanied by down-regulation
of the tau form of 14-3-3 protein (Fig. 5). Considering the fact that
after treatment with ROSC for 24 h CDK1 is inhibited by
modification at Thr14/Tyr15 and (Fig. 3A) and CDC25C phosphatase
is inactivated by phosphorylation at Ser216 (Fig. 5), one might
speculate that coinciding abrogation of phosphorylation of
surviving and Bad trigger apoptosis in G,/M arrested cells.

The ROSC-mediated abrogation of the phosphorylation of both
proteins seems to be a prerequisite for initiation of apoptosis in HeLa
cells. Interestingly, exposure of more confluent HeLa cells to high
ROSC dose failed to enhance the apoptosis and resulted in solely an
accumulation of G,/M arrested cells (results not shown). Remark-
ably, in this experimental series the phosphorylation of survivin and
Bad was not abolished upon ROSC treatment even at the higher dose
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Fig. 3. Cell cycle regulators in asynchronously growing Hela cells. Untreated and ROSC-treated HeLa cells were harvested and lysed. Whole cell lysates (WCLs) were loaded on
10% or 12% SDS slab gels. After electrophoretic transfer onto PVDF membrane, protein loading and transfer was checked by Ponceau S staining. The proteins as well as their
phosphorylation statuses were examined by incubation with specific antibodies. The equal protein loading was checked by immunoblotting with anti-actin antibodies.

(results not shown), thereby indicating that their dephosphorylation
is essential for initiation of cell death.

HTB-31 CELLS ACCUMULATE IN G2/M BUT DO NOT DIE AFTER
EXPOSURE TO ROSC

The exposure of HTB-31 cells to ROSC inhibits their cell cycle
progression. As depicted in Figure 6A,B, HTB-31 cells accumulate in

the S- and G,/M-phase. The frequency of the S-phase population of
HTB-31 cells was differentially affected by both ROSC doses
(Fig. 6B). At higher dosage percentage of S-phase cells was clearly
diminished. After treatment with ROSC at a final concentration of
20 uM frequency of G; cell population was clearly reduced.
However, no substantial increase of the frequency of hypoploid cells
was recorded (Fig. 6A,B).
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Fig. 4. Activation of caspase-3/7 in ROSC-treated Hela cells. Exponentially
growing Hela cells were treated in a multiwell plate for either 12 or 24 h with
ROSC at indicated concentrations. The activity of cellular caspase-3/7 (A) or
caspase-3/7 released to the culture medium (B) was determined in quad-
ruplicates using the APO-One Assay. The caspase-3/7 activity [relative fluor-
escence units (RFU)] £SD was normalized to the number of viable cells
that were determined by CellTiterGlo Assay. The differences between the
caspase-3/7 activity in control and treated cells are statistically very highly
significant (**P < 0.001) according to the Bonferroni's comparison.

ROSC DOES NOT ACTIVATE EFFECTOR CASPASES IN HTB-31 CELLS
Analysis of WCLs by immunoblotting revealed that levels of pro-
caspase-3 in HTB-31 cells remain unchanged after ROSC treatment
for 12 and 24 h (Fig. 6C) indicating that ROSC fails to activate
caspase-3. This observation was additionally confirmed by deter-
mination of caspase-3/7 activity using the APO-One assay (not
shown). Moreover, unlike in HeLa cells, in HTB-31 cells ROSC did
not abolish the phosphorylation of survivin and of Bad. However, it
is apparent that HTB-31 express lower levels of Bad protein (Fig. 6C)
as compared to HeLa cells and other cancer cell lines. The lack
of the activation of pro-apoptotic protein and effector caspases
correlate with the results of measurement of DNA concentration in
single HTB-31 cells performed by flow cytometry (Fig. 6A,B).

EFFECT OF SERUM WITHDRAWAL ON THE CELL CYCLE
PROGRESSION OF HelLa CELLS
In the next experiment, the effect of serum withdrawal on the cell
cycle progression in HeLa cells was examined. Unlike other cancer
cell lines (e.g., MCF-7, used as a positive control), HeLa cells did not
undergo G; block after serum deprivation when kept in a serum-free
medium for 24 or 48 h (Fig. 7A,B). Surprisingly, serum starvation did
not induce apoptosis in HeLa cells thereby confirming that the cells
are able to survive and proliferate in the absence of growth factors.
Analysis of whole cell lysates obtained from serum-starved HeLa
cells by immunoblotting revealed changes in major cell cycle
regulators (Fig. 8). During starvation, a slow decrease of the
activating phosphorylation of CDK2 and of the total protein level
was observed (after 24 h) that was, however, recovered after serum
supplementation. Interestingly, simultaneous increase in activating
phosphorylation of CDK7 at Ser164/Thr170 was observed in starved
cells, followed by its decrease in ROSC-treated cells. The level of site-
specific phosphorylation of NPM, which was very low shortly after
plating of HeLa cells, strongly increased after their cultivation for
further 14 h (Fig. 8). Remarkably, it decreased after withdrawal of
serum from the culture medium but not until 20 h and disappeared
after serum supplementation (Fig. 8). The total level of nucleo-
phosmin was less affected by these conditions

EFFECT OF ROSC ON HeLa CELLS RELEASED FROM

SERUM STARVATION

Serum-starved HeLa cells were not able to arrest in G;-phase even
when sequentially treated with ROSC. A short ROSC treatment
(for 12 h) of HeLa cells after re-feeding with serum for 4 h had no
effect on the distribution of cells in the cell cycle phases. However,
exposure of HeLa cells, serum starved for 24 h and then serum re-
fed, to 40 uM ROSC for 24 h markedly reduced the population of
G, cells and concomitantly led to accumulation of S- and G,/M-
phase cells (Fig. 7C). The distribution of HeLa cells in distinct cell
cycle phases upon ROSC is reflected by the status of the main cell
cycle regulators (Fig. 9). After a short treatment with ROSC (6 h),
the drug reduced the site-specific phosphorylation and total level
of CDK2 and CDK1, as compared to the cells after re-feeding for
10 h. This was accompanied by a slight decrease of the PCNA level.
However, the increase of the ratio of S- and later of G,/M-phase cells
upon longer medication with ROSC coincides with the enhancement
of activating phosphorylation of CDK2 and CDK1. Total levels of
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Fig. 5. ROSC-mediated abrogation of phosphorylation of survivin and of Bad in Hela cells. Untreated control and ROSC-treated HeLa cells were harvested and lysed. Whole
cell lysates (WCLs) were loaded on 10% or 12% SDS slab gels. Conditions of immunoblotting as described in detail in Figure 3.
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Fig. 6. Effect of ROSC on the cell cycle progression and cell cycle regulators in asynchronously growing HTB-31 cells. A,B: Cell cycle progression. Exponentially growing HTB-
31 cells were treated with either 20 or 40 uM ROSC for the indicated periods of time. Control and drug-treated cells were harvested by trypsinization and single cell suspension
was used for propidium iodide staining. DNA histograms (A) and diagrams showing the changed distribution of cells in distinct cell cycle phases and the frequency of sub-G, cell
population (B). Conditions of staining and measurement as described in detail in the Figure 2. C: ROSC does not activate effector caspase-3 in HTB-31 cells. Untreated and
ROSC-treated HTB-31 cells were harvested and lysed. Whole cell lysates (WCLs) were loaded on 12% or 15% SDS slab gels. After electrophoretic transfer onto PVDF membrane,
protein loading and transfer was checked by Ponceau S staining. The proteins as well as their phosphorylation statuses were examined by incubation with specific antibodies. The
equal protein loading was checked by immunoblotting with anti-actin antibodies.
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CDK1 and CDK2 also increased (Fig. 9). Although the protein loading
was not absolutely equal as evidenced by sequential incubation of
the blots with anti-actin antibodies, the fluctuations of the intensity
of the CDK1 and CDK2 bands are much stronger than those of actin
and thereby support the results gained by flow cytometry.

ROSC MAINTAINS CELL CYCLE BLOCK IN CELLS ARRESTED IN
EARLY G, PHASE

To verify the inability of ROSC to arrest serum-starved HeLa cells
in G, we performed the cell cycle analysis of cells synchronized
at G,/M transition followed by a short release from the block and
treatment with ROSC. Exposure of HeLa cells for 18 h to NOC at a
final concentration of 0.05 pg/ml resulted in a reversible mitotic
block. Interestingly, when the cells were released from the block and
progressed to early G, phase, they became much more susceptible to
treatment with ROSC, preventing the cell cycle progression and
resulting in a marked G, arrest (Fig. 10). The maintenance of G,
arrest became clearly evident after treatment with ROSC for 12 h;
HelLa cells accumulated in the G, phase even at lower concentration
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(Continued)

of ROSC. However, the G, arrest was not permanent, the cell cycle
progression was rather delayed and after 20 h treatment G,
population decreased as cells passed through S phase to G,/M.
Progression through S to G,/M monitored by flow cytometry was
also supported by immunoblotting analysis of CDK1, showing not
only accumulation of the total CDK1 protein level, but also its
phosphorylation at Thri161 (Fig. 11). Similar changes were also
observed with the CDK2 level and phosphorylation at Thr160. The
DNA profile revealed that after release of HeLa cells from
nocodazole-induced mitotic block the ratio of hypoploid cells
markedly increased. To check whether after removal of the mitotic
blocker DNA is damaged in cells entering the cell cycle,
phosphorylation of histone H2A.X at Ser139 was determined.
Indeed, after release of HeLa cells from the mitotic block for 4 h the
site-specific phosphorylation of H2A.X increased and remained
elevated during at least next 20 h in controls as well as ROSC treated
cells (Fig. 11). ROSC also increased the cellular levels of p53 protein.
However, the p53 increase in cells released from mitotic block
was much weaker than that in asynchronously growing cells
[Wesierska-Gadek et al., 2008a,b].
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It is well documented that ROSC, a highly selective CDK inhibitor,
influences cell cycle progression as a consequence of interference
with multiple CDKs, but different outcomes are observed in different
cell lines. Most often, cells arrest at G,/M transition following ROSC
application, as shown for example with asynchronously growing
MCF-7 breast carcinoma, HCT-116 colon carcinoma, or K-562
chronic myelogeneous leukaemia cell lines [Penuelas et al., 2003;
Wojciechowski et al., 2003; Raynaud et al., 2005], despite weaker
inhibition of the mitotic CDK1/cyclin B activity determined in vitro
[McClue et al., 2002]. At the same time, however, an increased
G, population and diminution of the number of S-phase cells
was observed in MCF-7 cells or HT-29 colon carcinoma cells
[Wojciechowski et al., 2003; Wesierska-Gadek et al., 2005a, 2006;
Krystof et al., 2006], probably as a result of inhibition of CDK2
activity. Other CDK inhibitors were reported to have similar effects
on the cell division cycle of animal cells; aminopurvalanol or
indirubin-3’-monoxime strongly block G,/M transition in the
Chinese hamster CCL39 lung fibroblast cell line or in SV-40
transformed human HBL-100 breast epithelial cells, respectively
[Damiens et al., 2001; Knockaert et al., 2002]. In synchronized cell
populations, ROSC, as well as other CDK inhibitors, arrest the cell
cycle progression depending on the cell cycle status prior to the
onset of the treatment. MCF-7 cells partially synchronized by
nocodazole in metaphase were primarily arrested in G, phase of the
cell cycle after a release from the block and exposure to ROSC
[David-Pfeuty, 1999] and the related compound aminopurvalanol
induces a G, block in the serum-starved CCL39 cell line [Knockaert
et al., 2002].

In this work, we studied the anti-proliferative and pro-apoptotic
action of ROSC in two human HeLa cervical carcinoma cell lines:
HeLa and HTB-31 cells. In HeLa cells the cell cycle is deregulated by
infection with HPV-18 virus. Protein products of viral genes E6 and
E7 deregulate the host cell growth cycle through binding and
inactivating tumor suppressor proteins p53 and pRb, respectively.
Considering this fact one might entertain suspicion that inhibition of
CDK2 by ROSC would not affect cell cycle progression through G,/S
transition due to inactivation of pRb by E7 oncoprotein, our results
were not so straightforward. ROSC indeed reduced the number of
viable HeLa cells in the asynchronously growing culture by multiple
mechanisms. At a lower dose, it rather directly blocked proliferation,
as evidenced by accumulation of cells in G,/M phases and
concomitant decrease of G; population. However, at the double
ROSC dosage, the frequency of G; population increased beginning
from 12 h after onset of treatment. This outcome closely coincides
with repression of virally encoded E6 [Wesierska-Gadek et al.,
2008a] and E7 oncoproteins. The down-regulation of E6 viral
product is essential for up-regulation and reactivation of p53 tumor
suppressor protein [Wesierska-Gadek et al., 2008a,b], while the
repression of E7 protein is crucial for abrogation of HPV-mediated
disruption of the cell cycle control. Thus, it is a sign of the
reconstitution of the G;/S checkpoint in HeLa cells. The con-
sequences of the ROSC-mediated effect became clearly evident
during the monitoring of the phosphorylation status of pRb protein

A MCF-7

24h Co

Serum deprivation for 24h

Comirds
0 4m 680 B30 100

[

a MO 480 B0 Ad0 W0
ALk

HelLa

24h Co

00 A0 MO B8 108
FLi-A

Serum deprivation for 24h

P RRRRINTES

Counig
18 MO0 540 TH WO

b
bbb na

n 400 0 e o
L2

Serum deprivation for 24h

re-feeding for Oh

Cramiy
S0 70 80
haasshains

160 €0

0 400 B0 BN WO
b))

re-feeding for 16h

s
0 TH S0

ol

L]

[} M 400 GBS0 B00 1080
[{ESY

Serum deprivation
12h 40pM ROSC

IO W0

Conmly
X0 N

(5]

=

n o 40 G0 B0 1000
FL2A

re-feeding for 4h
2

g

Cinask
18 M0 549

L]

a o0 A0 B0 L]
FLZ4

re-feeding for 28h
&

&

5

Caints
£

o 20 00 G0 800 1000
Fl2-4

2

for 24h /refeeding for 4h/
24h 40 pM ROSC

g

Cpunis

i W M TH
P A

L] i) o L] BOF B0

00
Rzh

Fig. 7. Lack of G, synchronization of Hela cells after serum deprivation. HelLa

cells were plated under normal medium conditions. Twenty four hours after

plating, medium was changed and cells were cultivated for indicated periods of

time without FCS. At indicated time points cells were refed with serum and

cultivated further for indicated periods in the absence or presence of ROSC.

Then, cells were collected and prepared for measurement of DNA concentra-

tions as described in more detail in Figure 2. MCF-7 cells were used as a positive

control for serum starvation experiment. DNA histograms depicting a repre-

sentative experiment were prepared using the CellQuest evaluation program

(A) and diagrams showing the cha

nged distribution of cells in distinct cell cycle

phases and the frequency of sub-G, cell population were constructed for cells

kept without ROSC (B) or in the

presence of ROSC (C).
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Cell cycle regulators in Hela cells after release from serum starvation. Control and serum-starved Hela cells were harvested at the indicated time points and lysed.

Whole cell lysates (WCLs) were loaded on 12% SDS slab gels. After electrophoretic transfer onto PVDF membrane, protein loading and transfer was checked by Ponceau S
staining. The proteins as well as their phosphorylation statuses were examined by incubation with specific antibodies. The equal protein loading was checked by immunoblotting

with anti-actin antibodies.

that showed decreased signal on immunoblots, as published earlier
[Whittaker et al., 2004]. However, pRb is phosphorylated not only by
CDK2, but also by CDK4, and therefore we analyzed phosphorylation
of nucleophosmin (NPM) at Thr199 as another CDK2-specific
substrate. Decreased phosphorylation of NPM following ROSC
treatment confirmed inhibition of CDK2 in cells. By phosphorylating
this particular residue at NPM, CDK2 allows the centrosome to be
duplicated [Matsumoto et al., 1999; Okuda et al., 2000]. Thus, ROSC-
mediated dephosphorylation of NPM is another mechanism by
which this compound may exert its anti-proliferative action and
directly contribute to the G2/M arrest.

ROSC not only limits cell cycle progression of HeLa cells, but after
longer period of incubation, also eliminates the cells by induction of
apoptosis, like in other cancer cell lines [Wojciechowski et al., 2003;

Wesierska-Gadek et al., 2005a, 2008b]. The ability of ROSC to induce
caspase-dependent apoptosis is, however, manifested much more
strongly after longer incubation periods and with higher doses of the
inhibitor (Fig. 4). It has been shown that inactivation of single cell-
cycle regulating CDK leads to cell cycle delay or arrest, while
combined genetic or pharmacologic inactivation of CDK1, CDK2,
CDK7, and CDK9 induces apoptosis through both E2F- and RNA
polymerase [I-mediated effects [Cai et al., 2006]. The action of ROSC
in HeLa cells probably depends on its relative selectivity towards
respective cellular targets, for example, CDK1, CDK2, CDK7, and
CDK9 [McClue et al., 2002; Raynaud et al., 2005]. The effect of ROSC
on the phosphorylation of CDK7 at Ser164/Thr170 has not been
shown yet; it has been only known that ROSC directly inhibits the
activity of CDK7 [Hajduch et al., 1999; McClue et al., 2002].

JOURNAL OF CELLULAR BIOCHEMISTRY

949

ROSC ARRESTS HeLa CELLS IN EARLY G,-PHASE



HelLa

Total re-feeding time [h] 10 16 28
Treatment with ROSC [h] | © 24 | 0 6] 0 12] 0 24
Duration of re-feeding [h] | © 0|10 4|16 4|28 4

Serum starvation [n] | © 0 |24 24|24 24|24 24

anti-P-Thr 180 cpk2

anti-CDK2 total (Ab-4)

anti-P-Thr 161 CDK1 e @D
— i

anti-CDK1 total e

anti-actin (C4)
anti-PCNA (PC-10)
anti-P-Thr 199 NPM PR

anti-NPM total

. mEBEE=Es

S Ep———— S LN oTa Y.

& ¢— CDK2 total

o= « PTh1% cDK1

- s an @D — @ 4— CDK1 total

o "PANDEEEREEy — octin
- oy eagegi — PCNA

«— P-Thr'99 NPM

— —

v ————— v | 4— NPM total

anti-actin (C4) M 4— actin

Fig. 9.

Effect of ROSC on cell cycle regulators in Hela cells after release from serum starvation. Untreated control and serum-starved Hela cells were subsequentially treated

with ROSC for indicated periods of time, harvested and lysed. Whole cell lysates (WCLs) were loaded on 12% SDS slab gels. After electrophoretic transfer onto PVDF membrane,
the proteins as well as their phosphorylation statuses were examined by incubation with specific antibodies. The equal protein loading was checked by Ponceau S staining and by

immunoblotting with anti-actin antibodies.

Similarly to other CDKs, where phosphorylated T-loop uncovers the
catalytic site, its dephosphorylation leads to decreased CAK activity
[Lolli et al., 2004], which was evidenced here by decreased
phosphorylation of CDK1 and CDK2 on their T-loops
(Figs. 3A and 8). Although it is not clear yet which kinase is
responsible for activation of CDK7 by phosphorylating its T-loop,
CDK7 can be activated by its targets CDK1 and CDK2 in vitro [Garrett
et al., 2001; Lolli et al., 2004], which are ROSC-sensitive. Hence,
activities of all CDK1, CDK2, and CDK7 may decrease in a feedback
loop. The situation complicates functional redundancy of multiple
CDKs; absence of one CDK is readily compensated with formation of
unusual CDK/cyclin complexes as demonstrated by RNAi depletions
of CDK1 and CDK2 [Cai et al., 2006]. Moreover, activity of CDK2 is
apparently not absolutely dependent on CDK7, as it is able to
activate itself by autophosphorylation at Thr160 [Abbas et al.,
2007]. By inhibiting CDK1 and CDK2, ROSC in lower doses blocks
cell cycle only, while its higher doses, that sufficiently inhibit more

kinases in cells (including CDK?7), are able to initiate apoptosis, an
outcome resembling depletion of multiple CDKs [Cai et al., 2006].
Our results clearly evidence the causal link between activity status of
kinases and apoptosis in HeLa cells. We checked the site-specific
phosphorylation of some inducers as well as inhibitors of apoptosis.
The abrogation of the phosphorylation of two distinct regulators of
apoptosis upon treatment with ROSC was achieved solely at higher
ROSC dosage and preceded the onset of apoptosis. It is well
established that the apoptosis promoting function of Bad protein
strongly depends on its phosphorylation status [Harada et al., 1999].
Bad, a cytosolic protein is phosphorylated at serine residues 112 and
136 in response to growth factors resulting in its sequestration by
the tau form of 14-3-3 protein. The complex formation with the tau
form of 14-3-3 protein abrogates its heterodimerization with Bcl-xL,
thereby promoting Bcl-xL-mediated cell survival. ROSC at higher
concentration reduced and thereafter abolished Bad phosphoryla-
tion already after 12 h. It coincided with the decrease of the total
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Fig. 10. Effect of ROSC on the cell cycle progression of Hela cells synchronized by nocodazole. Exponentially growing Hela cells were synchronized by treatment with
nocodazole for 18 h. Then, cells were released from the G,/M block by medium change and treated for indicated periods of time with either 20 or 40 uM ROSC. Then, cells were
collected and prepared for measurement of DNA concentrations as described in more detail in Figure 2. DNA histograms depicting a representative experiment were prepared
using the CellQuest evaluation program (A) and diagrams showing the changed distribution of cells in distinct cell cycle phases and the frequency of sub-G, cell population were
constructed (B).
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level of 14-3-3 tau protein. ROSC also abrogated the phosphoryla-
tion of survivin, the smallest member of the family of inhibitors of
apoptois (IAPs). Survivin, a structurally unique IAP lacking a
carboxy-terminal RING finger, is a bifunctional protein that acts not
only as a suppressor of apoptosis, but is also an essential regulator of
cell division [Altieri, 2003]. The highly increased expression of
survivin in the majority of human malignancies, resulting in evasion
of apoptosis and aberrant regulation of cell division was reported.
Remarkably, survivin can be negatively regulated by functional p53
protein [Wesierska-Gadek and Schmid, 2007b] implicating that its
expression and activity in response to ROSC treatment may be
modulated by two independent mechanisms. The functional status
and activity of survivin is regulated by phosphorylation [0’Connor
et al., 2000]. Although survivin harbors a few phosphorylation sites
that are known to be covalently modified by different cellular
kinases, the phosphorylation of Thr34 catalyzed by CDK1 seems to
be crucial for its anti-apoptotic activity [Wall et al., 2003].
Threonine 34 is ideally positioned in the acidic knuckle of the
survivin molecule [Verdecia et al., 2000] to modulate its interaction
with constituents of the apoptotic pathway such as caspase-9 or
SMAC/DIABLO and to regulate the binding of client proteins
controlling survivin stability. Phosphorylation of survivin at Thr34
increasing protein stability simultaneously enhances its interaction
with caspase-9 and SMAC/DIABLO [Song et al., 2003]. Recently,
multiple evidences were collected demonstrating that inhibition of
survivin phosphorylation on Thr34 [Wall et al., 2003] or expression
of non-phosphorylatable survivin mutant Thr** — Ala reduce its
stability [Blanc-Brude et al., 2003]. It has been also reported that a
single amino acid change within amino-terminus converts survivin
activity from antiapoptotic to proapoptotic [Song et al., 2004]. These
observations encouraged some oncologists to develop new
therapeutic approaches based on the prevention of the survivin
phosphorylation on Thr34 or its repression [Altieri, 2003; Lu et al.,
2004; Zaffaroni et al. 2005].

The observed anti-proliferative and especially pro-apoptotic
effect of ROSC is probably enhanced in a p53-dependent manner,

because this tumor suppressor accumulated upon longer incubation
periods in HeLa cells [Wesierska-Gadek et al., 2008b]. The positive
effect of ROSC on activation of p53 and induction of p53-dependent
apoptosis has been described several times in the MCF-7 breast
carcinoma cell line [David-Pfeuty, 1999; Wojciechowski et al.,
2003; Wesierska-Gadek et al., 2005a]. Protein p53, as a transcrip-
tional regulator, operates according to its post-translational
modifications, especially phosphorylation and acetylation. For
example when phosphorylated at Ser46, that is, at the residue
important for its pro-apoptotic activity, p53 can transactivate a set
of genes inducing apoptosis (e.g., Bad, Puma, Noxa, p53AIP1, Bax)
and simultaneously suppress expression of anti-apoptotic genes
(e.g., survivin, bcl-2) [Oda et al., 2000]. Moreover, p53 obviously
induces apoptosis also independently of transcription; upon a stress
signal, cytoplasmic p53 translocates to mitochondria, where it
directly activates Bax, leading to the membrane depolarization and
caspase activation [Chipuk et al., 2004]. Only recently we have
found that ROSC is able to accumulate p53 phosphorylated at Ser46
also in HeLa cells, despite HPV infection [Wesierska-Gadek et al.,
2008b]. Interestingly, accumulation of p53 in ROSC-treated HeLa
cells is attributable to its stabilization by site-specific phosphory-
lation [Wesierska-Gadek et al., 2008b]. Moreover, the repression of
cellular E6 oncoprotein levels following ROSC treatment allows p53
to restore its physiological activity [Wesierska-Gadek et al., 2008a].

As expected, serum starvation had no influence on progression of
HelLa cells through G,, and even ROSC, applied to the cells shortly
after the release from starvation, was not able to maintain cells in G,
phase, probably due to inactivation of the key G,-regulator pRb by
E7 oncoprotein. Although ROSC at high dosage down-regulates
E7 oncoprotein, this effect takes place with some delay. Reduction
of E7 in asynchronously growing Hela cells was observed after
18 h. Conversely, populations in S-phase and G,/M phases were
significantly delayed following ROSC treatment for 24 h, probably
as a consequence of unphosphorylated NPM that further block onset
of mitosis [Matsumoto et al., 1999; Okuda et al., 2000]. In fact, the
outcome is very similar to that in asynchronously growing cells,
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Fig. 11. Effect of ROSC on cell cycle regulators in NOC-synchronized Hela cells. Unsynchronized control and NOC-synchronized Hela cells were treated with ROSC for
indicated periods of time, harvested and lysed. Whole cell lysates (WCLs) were loaded on 12 or 10% SDS slab gels. After electrophoretic transfer onto PVDF membrane, protein
loading and transfer was checked by Ponceau S staining. The proteins as well as their phosphorylation statuses were examined by incubation with specific antibodies. The equal

protein loading was checked by immunoblotting with anti-actin antibodies.

reflecting the heterogeneity of HelLa cells cultivated without the
serum.

Although ROSC alone was not able to arrest HeLa cells in G, phase
in either asynchronous or serum-starved culture, when released
from nocodazole arrest, HeLa cells markedly delayed progression
through G, phase when subsequently treated with ROSC (Fig. 10B).
As the cells further proliferated and passed slowly through S phase
to G,, they also accumulated Thr-phosphorylated forms of CDK1
and CDK2 (Fig. 11).

In summary, ROSC has been shown to have different effects on
HelLa cells depending on the concentration used and on the cell cycle
status prior to the onset of treatment. Generally, lower doses reduce
the proliferation rate by inhibition of cyclin-dependent kinases,
while higher doses induce caspase-dependent apoptosis in HeLa
cells. Moreover, the results also show that inhibition of CDKs by
ROSC in cells lacking the G,/S restriction checkpoint has different
outcomes depending on the cell cycle status of the treated cells.

Considering the fact that after radiotherapy cancer cells are blocked
at G,/M, the ability of ROSC to induce apoptosis in G,/M arrested
cells may be of therapeutic importance.
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